Context: IL-1, IL-6, and TNF-␣ play an important role in the pathogenesis of osteoporosis in animals; however, evidence that these play a similar role in bone loss in human studies is limited.
O steoporosis, characterized by the loss of bone mass and deterioration of bone microarchitecture with a resulting increase in bone fragility and, therefore, susceptibility to fracture in both women and men, is now a major public health issue (1, 2) . A number of risk factors for osteoporosis are well recognized, including age, female sex, smoking, physical inactivity, and vitamin D and estrogen deficiency. In recent years, inflammation has been also implicated. Experimental studies in animals have provided substantial evidence suggesting that certain inflammatory cytokines, including IL-1, IL-6, and TNF-␣, play an important role in the pathogenesis of osteoporosis (3) (4) (5) (6) (7) . However, evidence that these inflammatory cytokines play a similar role in human studies is limited. Preliminary studies on the associations between the circulating cytokine levels and bone mineral density (BMD) (8 -11) or bone loss (12, 13) in postmenopausal or older women have provided inconsistent or even contradictory results. These inconsistencies may reflect that these circulating cytokines do not accurately reflect what is happening in the local bone microenvironment or that there exist natural antagonists in the serum, which may interfere with assay interpretation. In addition, the associations between circulating inflammatory cytokines and bone loss in older men have not been reported.
High-sensitivity (hs) C-reactive protein (CRP), a circulating marker of systemic inflammation, has been identified as an independent risk factor for cardiovascular events in healthy postmenopausal women (14) . Hepatic CRP production is stimulated primarily by IL-6 and IL-1-like cytokines (15) , and higher serum levels of hs-CRP are associated with lower BMD (16) , higher levels of bone turnover markers (17) , and, recently, greater risk of fracture (18, 19) . However, this association is unlikely to be causal, and there are no reports documenting the associations between circulating hs-CRP and bone loss in older women and men.
Therefore, the aim of this study was to determine the associations between serum markers of inflammation and changes in BMD and the urinary pyridinoline (PYR) to creatinine (Cr) ratio over 2.9 yr in randomly selected older women and men.
Subjects and Methods

Subjects
The study was performed in southern Tasmania from March until August 2002. The follow-up study was conducted approximately 2.9 yr later (range 2.6 -3.3 yr). Subjects between ages 50 and 79 yr were selected randomly from the roll of electors in southern Tasmania (population 229,000) with an equal number of men and women. Institutionalized persons were excluded. This study was conducted as part of the Tasmanian Older Adult Cohort Study, an ongoing, prospective, populationbased study in 1100 subjects aimed at identifying the environmental, genetic, and biochemical factors associated with the development and progression of osteoarthritis and osteoporosis (the overall response rate was 57% at baseline, and 82% for follow-up). We selected the first 193 subjects to perform the serum inflammatory markers measurements at baseline and follow-up. At follow-up, these measurements were not performed in 25 subjects due to insufficient serum sample, leaving 168 subjects. The study was approved by the Southern Tasmanian Health and Medical Human Research Ethics Committee, and written informed consent was obtained from all participants. Self-report of rheumatoid arthritis (RA), asthma, cardiovascular disease, diabetes, and medication usage [including nonsteroidal antiinflammatory drugs, cyclooxygenase-2 inhibitors, prednisolone, and hormone replacement therapy (HRT)] were recorded by questionnaire. Smoking, physical activity (no/ mild, moderate, and vigorous), and menopause status were also recorded.
Anthropometrics
Height was measured to the nearest 0.1 cm (with shoes, socks, and headgear removed) using a stadiometer. Weight was measured to the nearest 0.1 kg (with shoes, socks, and bulky clothing removed) using a single pair of electronic scales (Model 707; Seca Delta, Hamburg, Germany) that were calibrated using a known weight at the beginning of each clinic. Body mass index (BMI) [weight (kg)/height (m 2 )] was also calculated.
BMD measurement
Bone mass was measured using dual-energy x-ray absorptiometry at the total body, lumbar spine, and total hip at baseline and follow-up. The instrument used was a Hologic Delphi densitometer on array setting (Hologic, Inc., Waltham, MA). The software program was not altered during the study time frame. Bone mass was examined as areal BMD (g/cm 2 ), which is calculated by dividing the bone mineral content by the area measured. Precision estimates in vivo are 2-3% in our hands. The longitudinal coefficient of variation (CV) for our instrument between 2002 and 2007 using daily measurements of a spine phantom was 0.39% for areal BMD. Rates of change in BMD were calculated as: percent change per annum ϭ [100 (follow-up BMD Ϫ baseline BMD/baseline BMD)/time between two scans in years].
Bone resorption assessment
Bone resorption was assessed on two occasions by measuring the urinary PYR/Cr ratio by a chemiluminescent competitive immunoassay on 20-ml aliquot taken from a timed overnight urine collection, protected from light by a black bag, and stored at Ϫ20 C before analysis (Pyrilinks-D; Diagnostic Products Corp., Los Angeles, CA). The CV in our hands was of the order of 7.5% (20) . Change in the PYR/Cr ratio was calculated as: change per annum ϭ (follow-up PYR/Cr ratio Ϫ baseline PYR/Cr ratio)/time between two scans in years.
Serum inflammatory markers measurement
Serum was isolated and refrigerated overnight in plastic tubes, at which time aliquots were prepared and stored at Ϫ80 C. The IL-1␤, IL-6, and TNF-␣ were measured at baseline and then at 2.9 yr with a solidphase, two-site chemiluminescent enzyme immunometric assay method using IMMULITE IL-1␤, IMMULITE IL-6, and IMMULITE TNF-␣ (all from EURO/DPC Llanberis, Gwynedd, UK). Samples with undetectable cytokine concentrations were assigned a value corresponding to the lower limit of detection of the assay: 1.5 pg/ml for IL-1␤, 2 pg/ml for IL-6, and 1.7 pg/ml for TNF-␣. The CVs in our hands were 3% for IL-1␤, 8% for IL-6, and 6% for TNF-␣ (in-house data).
High-sensitivity (hs) testing for CRP was performed using the CRPLatex (II) immunoturbidimetric assay (Architect c8000; Abbott Diagnostics, Abbott Laboratories, Abbott Park, IL). The lower detection limit of the assay is 0.01 mg/liter. The CV in our hands was of the order of 4.8% (in-house data). Changes in these markers were calculated as: change per annum ϭ (follow-up value Ϫ baseline value)/time between two scans in years.
Data analysis
Univariable and multivariable linear regression analyses were used to examine the associations between annual percent change in BMD and hs-CRP (or IL-6/TNF-␣), and its change before and after adjustment for age, sex, weight, height, smoking status, other disease status (RA, cardiovascular disease, asthma, and diabetes), and IL-6/TNF-␣ (or hs-CRP). Logistic regression analyses were used to examine the associations between change in the PYR/Cr ratio (top quartile vs. other quartiles) and inflammatory markers after adjustment for the aforementioned factors. Standard diagnostic checks of model fit and residuals were routinely made, and data points with large residuals and/or high influence were investigated for data errors. Inflammatory markers and their changes were not normally distributed, but no transformations (log, square, and cubic) provided better results, so we kept the data untransformed as independent variables in the regression analyses. Partial correlation coefficients from these models were also obtained. Quartiles of baseline and changes in all inflammatory markers were calculated, and the associations between these quartiles and annual percent change in BMD were also determined by linear regression analyses.
Due to significant sex differences in changes in BMD, interactions between sex and inflammatory markers were investigated by regressing the change in BMD (or change in the PYR/Cr ratio) on inflammatory markers (or changes) within sex strata (zero ϭ male and one ϭ female), and assessed by testing the statistical significance of the coefficient of a [sex ϫ serum level of an inflammatory marker (or its change)] product term after adjustment for confounders. Interactions between years since menopause (zero ϭ less than 10 yr since menopause, one ϭ 10 or more than 10 yr since menopause) and inflammatory biomarkers were also investigated.
A P value less than 0.05 (two tailed) or a 95% confidence interval not including the null point was regarded as statistically significant. All statistical analyses were performed on SPSS version 12.0 for Windows (SPSS, Inc., Chicago, IL).
Results
A total of 193 subjects (48% female) aged between 52 and 78 yr (mean 63) participated, and 168 had complete data at follow-up. There were no significant differences in demographical factors and BMD between the current cohort and the subjects who did not have serum markers measured (data not shown). Characteristics of the subjects are presented in Table 1 . The T scores at total body, lumbar spine, and hip were generally normal with 3.1, 7.8, and 0.5% subjects having a T score of less than Ϫ2.5 SD at each of the three sites, respectively. The serum levels of inflammatory markers were generally low with 98.4% of IL-1␤ undetectable in this sample, so this was not further analyzed. Over 2.9 yr, whereas serum levels of hs-CRP and IL-6 remained largely unchanged (all P Ͼ 0.05), the serum level of TNF-␣ decreased (P ϭ 0.01). Change in IL-6 was positively associated with change in TNF-␣ (P ϭ 0.001), change in hs-CRP (P Ͻ 0.001), and age (P Ͻ 0.001), but not BMI (P ϭ 0.80). Change in TNF-␣ was positively associated with BMI (P ϭ 0.01), but not change in hs-CRP (P ϭ 0.71) or age (P ϭ 0.45). Change in hs-CRP was not associated with age (P ϭ 0.16) or BMI (P ϭ 0.86). The significant associations between age and change in hip BMD (␤ ϭ Ϫ0.05%/ yr; P ϭ 0.004) decreased in magnitude (20% change in coefficient) after adjustment for IL-6, but not hs-CRP or TNF-␣.
In the whole sample, both baseline hs-CRP and change in hs-CRP were associated with change in total body BMD after adjustment for most covariates, but these associations decreased in magnitude or became nonsignificant after further adjustment for IL-6 (Table 2) but not for TNF-␣. The associations between hs-CRP, change in hs-CRP and change in total body BMD in women who were more than or equal to 10 yr past menopause appeared more evident (r ϭ Ϫ0.58, P ϭ 0.001; and r ϭ Ϫ0.48, P ϭ 0.01, respectively). With regard to bone turnover, hs-CRP and their changes were not significantly associated with change in the PYR/Cr ratio in the whole sample (data not shown); however, they were significantly associated with change in the PYR/Cr ratio in women after further adjustment for years since menopause ( Table 3) .
The associations between baseline IL-6, change in IL-6, and change in total body and spine BMD were all significant after adjustment for all covariates ( Table 2 and Fig. 1 ). After further adjustment for hs-CRP and TNF-␣, these associations remained largely unchanged and even became significant at the hip (Table  2) . No significant interactions between sex or years since menopause and IL-6 for changes in BMD were determined, although the associations between IL-6, change in IL-6, and change in total body BMD again appeared more evident in women more than or equal to 10 yr past menopause (r ϭ Ϫ0.53, P ϭ 0.003; and r ϭ Ϫ0.50, P ϭ 0.002, respectively). With regard to bone turnover, IL-6 and its change were not significantly associated with change in the PYR/Cr ratio in the whole sample (data not shown); however, both were significantly associated with change in the PYR/Cr ratio in women after further adjustment for years since menopause ( Table 3 ). The change in odds ratio after further adjustment is due to the small number of subjects with diabetes (n ϭ 7) who were well away from menopause. The associations between baseline TNF-␣ and change in total body or spine BMD were of borderline significance (Table 2 ), but when quartiles of baseline TNF-␣ were used for analysis, it was significantly associated with change in total body BMD (␤ ϭ Ϫ0.31% per quartile; P ϭ 0.035) and change in spine BMD (␤ ϭ Ϫ0.29% per quartile; P ϭ 0.024). These associations became of borderline significance after further adjustment for IL-6 (P ϭ 0.102 and P ϭ 0.078, respectively) but remained unchanged after adjustment for hs-CRP. There was a significant interaction between sex and baseline TNF-␣ for change in spine BMD (men had greater bone loss; P ϭ 0.039), but not total body BMD. Furthermore, we found that TNF-␣ and its change were not significantly associated with change in the PYR/Cr ratio in men (data not shown) and women (Table 3) .
If data were considered as quartiles, then the highest quartile of baseline CRP (Ͼ4.2 mg/liter) or IL-6 (Ͼ4 pg/ml) was associated with a significantly greater loss of BMD compared with the lowest three quartiles (data not shown). Results remained largely unchanged if subjects with RA, coronary heart diseases, diabetes, or asthma were excluded for analyses (data not shown), except that the interaction between sex and change in IL-6 for change in total body BMD became significant (P ϭ 0.042). They also remained largely unchanged after further adjustment for medication uses, urinary Cr levels, and physical activity (data not shown). HRT use and years since menopause were not significantly associated with IL-6 and its change. The associations between bone loss and inflammatory markers remained largely unchanged after adjustment for HRT use and years since menopause.
Discussion
This longitudinal study is the first to document comprehensively the associations between baseline inflammatory markers, change in inflammatory markers, and bone loss/resorption in older adults. The most consistent associations were for IL-6 in both older women (especially those greater than 10 yr postmenopausal) and men, with much less consistency for hs-CRP and TNF-␣, especially after adjustment for IL-6, suggesting that IL-6 is the most relevant inflammatory marker and may have a causal association with bone loss. It is well demonstrated by animal and in vitro studies that IL-6 is responsible for osteoclastogenesis and increased trabecular bone resorption after the loss of sex steroids due to menopause or andropause (3, 4, 6) . In this longitudinal study of a randomly selected older population with low-grade systemic inflammation and low prevalence of osteoporosis and other diseases, IL-6 was consistently associated with markers of bone health (change in BMD at all sites and bone resorption). In turn, IL-6 was associated with age consistent with other studies (4) but not other factors of interest such as BMI, and aging related hip bone loss appeared at least partially mediated by an increase in IL-6. Larger studies will be required to confirm these results for fracture. So far, the literature on the role of IL-6 in bone loss and osteoporosis in humans is conflicting. A cross-sectional study reported that serum IL-6 was negatively associated with BMD at radius ultradistal in postmenopausal women in an unadjusted analysis (10), whereas other cross-sectional studies have reported no significant associations in women (8, 9, 11) . Longitudinally, a German group has reported that serum IL-6 was a significant predictor of femoral (not lumbar spine) bone loss in women in the early postmenopausal period (13) , whereas a Danish group reported that serum IL-6 was associated with an increase in lumbar spine BMD over 5 yr in perimenopausal women (12) . In contrast, we measured serum IL-6 levels on two occasions, and found that both baseline IL-6 and change in IL-6 were consistently associated with bone loss at all sites.
Like IL-6, data derived from animal and in vitro studies also support a role for TNF-␣ as a skeletal catabolic agent that stimulates osteoclastogenesis while simultaneously inhibiting osteoblast function after the loss of gonadal function (5, 7). However, there are few data to document the similar role of TNF-␣ in humans. Although Zheng et al. (21) reported that TNF-␣ produced by stimulated whole blood cells was negatively associated with lumbar spine BMD in postmenopausal women, Salamone Associations between IL-6 at baseline and change in total body (top), spine (middle), and total hip (bottom) BMD over 2.9 yr in older subjects. Residuals from regression of baseline IL-6 or change in BMD on factors (including gender, age, body weight, height, smoking status, BMD, change in IL-6, disease status, and hs-CRP for change in hip BMD) were added to the mean baseline IL-6 or change in BMD, and then the "adjusted" baseline IL-6 against "adjusted" change in BMD was plotted. pa, Per annum. et al. (22) reported that TNF-␣ produced by peripheral blood mononuclear cells was not associated with change in BMD at the lumbar spine and femoral neck in premenopausal women. So far, there are no data to show associations between serum TNF-␣ and bone loss in women or men, though Scheidt-Nave et al. (13) reported that serum TNF-␣ was not associated with change in BMD in postmenopausal women. In this study we found that serum levels of TNF-␣ were associated with bone loss (total body in the whole sample and lumbar spine in men). However, change in TNF-␣ was associated with change in IL-6, and the associations between TNF-␣ and bone loss decreased in magnitude after adjustment for IL-6, suggesting that the effects of TNF-␣ are not independent of IL-6. However, we found that TNF-␣ was not associated with bone resorption.
In this sample, change in hs-CRP correlated significantly with change in IL-6, but not TNF-␣, consistent with CRP production being stimulated by IL-6 (23). We further determined the significant associations between hs-CRP, bone loss, and bone resorption (PYR/Cr ratio) (the latter mainly in late postmenopausal women). These associations paralleled with those between IL-6 and bone measures, but not those between TNF-␣ and bone measures. They also decreased in magnitude after further adjustment for IL-6. These suggest that IL-6 both increases hs-CRP and influences bone loss/resorption, and that hs-CRP has no independent effect. They may also be related to other factors because change of hs-CRP was still significantly associated with change in total body BMD after adjustment for IL-6. It is unknown if hs-CRP itself is a pivotal mediator of bone loss, similar to its role in atherosclerosis (23) This study has important implications. First, it provides direct evidence that bone loss in older adults involves a low-grade inflammatory process. Second, a CRP (Ͼ4.2 mg/liter) and IL-6 (Ͼ4 pg/ml) may be used to identify the groups that have rapid bone loss in older people. Finally, given that HRT is not recommended for the prevention and treatment of osteoporosis in older women due to cardiovascular side effects (24, 25) , and bisphosphonates do not prevent fracture in subjects with normal bone density (26) , targeted antiinflammatory therapies particularly anti-IL-6 therapy (27) may be suitable alternative interventions. So far, anti-TNF-␣ therapy has been beneficial to arrest bone loss in patients with RA (28), spondyloarthropathy (29) , and Crohn's disease (30) , but it is unclear if this is due to an effect on the disease or directly on bone.
The strengths of the present study lie in the measurements of inflammatory markers on two occasions, which allowed us to assess the variation in these markers over time. Variation in inflammatory markers may be less affected by natural antagonists in the serum than cross-sectional levels of these markers. We assessed bone loss at not only total hip and lumbar spine, but also total body, and consistent associations were found for IL-6. Our study has several potential limitations. First, the sample size was small, which does not allow examination of weak associations for bone markers and does not provide a large enough sample for fracture. Previous studies reported that serum hs-CRP level was a significant predictor of osteoporotic fracture (18, 19) . A recent study suggested that higher levels of serum IL-6 and TNF-␣ may be associated (not significant) with an increased risk of fracture in older men and women (31) . Second, the response rate at baseline was 57%, possibly due to an extensive protocol that takes 3 h at each visit. This did leave the possibility open for selection bias, which might be a reason for the high prevalence of RA. However, whereas the sample contained subjects with some diseases, the results were largely unchanged when the analyses were adjusted for disease status, or these subjects were excluded. We also tend to have high rates of retention (82%) to offset this. Third, we did not measure the bone formation markers and serum estrogen levels, so we cannot determine the role of bone formation and estrogen in the links between inflammatory markers and bone loss in this study. Fourth, the period of 2.9-yr follow-up is not a long time, but this study is currently in phase 3 (5-yr follow-up), thus data will be available over a longer period of time to confirm these associations. Finally, measurement error may influence results. However, all measures were highly reproducible, suggesting that this is unlikely.
In conclusion, this longitudinal study documents that variation within the low levels of inflammatory markers observed in this study, especially IL-6, predicts bone loss and resorption, suggesting that targeted antiinflammatory therapy may have potential for the prevention of osteoporosis.
